Actinomycetes are well known producers of a variety of antibiotics and other secondary metabolites. Streptomyces clavuligerus produces the ␤-lactam antibiotic cephamycin C and the ␤-lactamase inhibitor clavulanic acid (4, 36) . Control of the biosynthesis of antibiotics has been known to occur for many years (29) , but the molecular mechanisms by which control is exerted are only slowly being unraveled (3, 31) . Understanding the molecular mechanisms that control biosynthesis of pharmacologically active secondary metabolites will be of great value in the pharmaceutical industry.
A hierarchy of regulatory genes controls antibiotic production and sporulation (18) . Individual antibiotic biosynthetic pathways are controlled by pathway-specific regulatory genes that are usually linked to the biosynthetic gene cluster (for reviews, see references 5 and 30). Gene actII-ORF4 encoding a transcriptional activator of actinorhodin biosynthesis was described for Streptomyces coelicolor (13, 16) . Similarly, redD-ORF1 (32, 41) , afsR (19) , and dnrI (14, 27, 40) encode related proteins that regulate the biosynthesis of other pigments or antibiotics.
The cephamycin biosynthetic pathway has been studied in detail in Nocardia lactamdurans and S. clavuligerus. In N. lactamdurans, nine different genes encode enzymes that catalyze the entire biosynthetic pathway (except for the conversion of ␣-aminoadipic semialdehyde into ␣-aminoadipate) (6-8, 10, 11) . Most of these genes occur also in S. clavuligerus (22, 23, 28, 45) , although the arrangement is different from that observed in N. lactamdurans. The 3Ј-hydroxymethylcephem carbamoyltransferase of S. clavuligerus has been shown recently to be encoded by ORF9 (gene named cmcH) (11) (Fig. 1) , and the methoxylase genes cmcI and cmcJ correspond to ORF7 and ORF8, respectively (35) . No regulatory genes have been reported so far in the cephamycin biosynthetic clusters, although the N. lactamdurans cluster has been shown to contain three additional genes, bla, pbp, and cmcT (9) , which encode, respectively, a ␤-lactamase which does not play an essential role in cephamycin biosynthesis (25) , a penicillin-binding protein (PBP4), and a transmembrane protein. It was, therefore, of utmost interest to characterize pathway-specific regulatory genes that might be associated with the cephamycin gene cluster.
We report here that in the S. clavuligerus DNA region located between lat and cmcH there are three open reading frames, ORF10, ORF11, and ORF12; ORF10 and ORF12 encode, respectively, an actII-ORF4-like regulatory protein and a ␤-lactamase-inhibitory protein (BLIP)-like protein similar to the BLIP already described for S. clavuligerus (12) .
MATERIALS AND METHODS
Strains and culture conditions. S. clavuligerus ATCC 27064 was used to isolate DNA and also as host for gene amplification and gene disruption studies. Spores of S. clavuligerus were maintained in 20% glycerol at Ϫ20ЊC. For cephamycin and clavulanic acid production in submerged cultures, S. clavuligerus was grown in GSPG medium containing the following (all concentrations are in grams per liter): glycerol (15) , sucrose (20) , proline (2.5), glutamic acid (1.5), NaCl (5), K 2 HPO 4 (2), CaCl 2 (0.4), MnCl 2 ⅐ 4H 2 O (0.1), FeCl 3 ⅐ 6H 2 O (0.1), ZnCl 2 (0.05), MgSO 4 ⅐ 7H 2 O (1), and distilled water (pH 7.0). This medium supports production of both cephamycin and clavulanic acid (36) . Production of cephamycin and clavulanic acid by the different strains was confirmed in Trypticase soy broth (TSB) (Difco).
S. coelicolor JF1 act177 (actII-ORF4) red42 argA1 guaA1, provided by F. Malpartida (13), was used for complementation studies with ccaR.
S. clavuligerus gene library and DNA sequencing. A gene library of total DNA of S. clavuligerus was constructed in phage lambda GEM12. Recombinant phages were hybridized with DNA probes internal to the cephamycin biosynthetic genes labelled by nick translation with [ 32 P]dCTP. DNA manipulations were carried out according to standard procedures (38) .
A 3.7-kb BamHI-EcoRI DNA fragment subcloned from lambda GEM12-A10 was end filled with DNA polymerase (Klenow fragment) and subcloned in pBluescript KSϩ, giving rise to pULJP37. A nested set of deletion clones was obtained by the erase-a-base procedure (Promega). Both strands were sequenced with the AutoRead system (Pharmacia).
Southern hybridization. Total DNA was digested with BamHI and MluI, and the fragments were resolved in 0.7% agarose gels (in duplicate). The DNA fragments were blotted and hybridized with probes internal to the ccaR gene or to the aphII gene. Probes were labelled with digoxigenin by random primer extension (Boehringer Mannheim Biochemicals).
Transformation of Streptomyces lividans and S. clavuligerus. Protoplasts of S. lividans and S. clavuligerus were obtained and transformed with plasmid DNA as described previously (15) except that protoplasts were subjected to a heat shock (10 min at 42ЊC) before transformation. Protoplasts were regenerated in R2YEG (R2YE with 10 g of glycerol per liter) (17) . Transformants were selected by resistance to kanamycin (50 g/ml) and/or thiostrepton (50 g/ml), depending on the plasmids used.
Insertional inactivation of S. clavuligerus ccaR by gene replacement. Inactivation of the endogenous ccaR was performed with plasmid pB11B, which carries the 5Ј and 3Ј moieties of the ccaR gene separated by the aminoglycoside phosphotransferase (aphII) gene of transposon Tn5 in a pIJ702 (pIJ101-derived) replicon, by using the strategy described by Paradkar and Jensen (33) , which is based on the segregational instability of this replicon when allowed to sporulate under nonselective conditions. pB11B was constructed by subcloning in the PstI site of pIJ702 a cassette (with blunt ends) consisting of the 5Ј and 3Ј moieties of ccaR separated by the 1.4-kb aphII gene of transposon Tn5 subcloned in the ApaI site of ccaR. The ccaR gene was originally isolated from pB11 ( Fig. 1) as a 1.2-kb BamHI-XhoI fragment.
pB11B was transformed first into S. lividans and then into S. clavuligerus. The resulting Thio s Km r clones were identified in the spore progeny by replica plating. These putative recombinants (that have lost the plasmid) were confirmed by hybridization with probes internal to the aphII and the ccaR genes as indicated in Results.
Amplification of the ccaR gene and complementation of disrupted mutants. A BamHI-NcoI DNA fragment from pULJP37 carrying ccaR was subcloned into the polylinker of pIJ2921 (20) , giving rise to pB17 (Fig. 1) . The fragment was rescued again with BglII ends from this construction and subcloned into the BglII site of pULVK99 (a positive-selection vector derived from pIJ699 [21] by replacing the DNA region between the two inverted terminators of pIJ699 [containing the oriP15A and the neo and vph genes] with an aphII gene and the pBR322 ori region [24] ). This construction (named pB17B) was introduced into S. lividans, and transformants were selected in the presence of thiostrepton (50 g/ml). pB17B was isolated from S. lividans and used to transform S. clavuligerus ATCC 27064 (wild type) or a ccaR-disrupted mutant of the same strain to study complementation.
RNA isolation and transcript analysis. RNA of S. clavuligerus ATCC 27064 was isolated from cultures in TSB medium grown at 28ЊC in 500-ml triple-baffled flasks (containing 100 ml of medium) on a rotary shaker at 220 rpm. Samples were taken at 24, 48, 72, and 96 h, and the RNA was extracted as described by Hopwood et al. (17) except that the cell pellet was frozen in liquid nitrogen and broken with alumina in a liquid nitrogen-refrigerated mortar.
Extracted RNAs (30 g) were resolved in a denaturing formaldehyde (1.5%) agarose gel with the RNA molecular weight marker set of Boehringer Mannheim as standards. RNAs were then blotted onto nylon filters and hybridized overnight with [
32 P]dCTP-labelled probes internal to the three cloned genes in buffer containing 50% formamide, 6ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 1ϫ Denhardt's solution (38) , and 0.1% sodium dodecyl sulfate (SDS). The filters were washed with 2ϫ SSC containing 0.1% SDS at increasing temperatures up to 65ЊC for 20 min and were scanned in an Instant Imager (Packard) electronic autoradiography unit.
Cephamycin and clavulanic acid assays. Cephamycin and clavulanic acid levels were routinely determined by bioassay as described previously (36), and these assays were confirmed by high-pressure liquid chromatography (6) .
Nucleotide sequence accession number. The nucleotide sequence obtained in this study has been assigned EMBL data bank accession number Z81324.
RESULTS
Cloning of the central region of the S. clavuligerus cephamycin gene cluster. The poorly known central region of the cephamycin C gene cluster upstream of the lat gene (42) was cloned from an S. clavuligerus DNA gene library in the lambda GEM12 vector by using as probe a 4.0-kb EcoRI-HindIII DNA fragment that contains the complete lat gene and part of the pcbAB gene (45) . One of the recombinant phages, lambda GEM12-A10, which contained 16 kb of the cephamycin C cluster (cmc) and which extended about 8 kb upstream of the lat gene to the previously characterized cmcH gene (11), was mapped with several restriction endonucleases to confirm that it contained the expected cefF-cmcH region (Fig. 1) . The BamHI-EcoRI fragment was isolated from lambda GEM12-A10, end filled with Klenow DNA polymerase, and subcloned in both orientations into pBluescript KSϩ, forming plasmids pULJP37a and pULJP37b (Fig. 1) . The entire 3.7-kb fragment was sequenced in both strands.
Three open reading frames are located between cmcH and lat. As shown in Fig. 2 , three long open reading frames (ORF10, ORF11, and ORF12) were identified by using the GenePlot program of DNAstar (Madison, Wis.) with the codon usage of species of Streptomyces (44) .
(i) ORF10. The first of the three open reading frames contained 768 nucleotides (nt) and started with a GTG codon at position 311 of the sequenced fragment, which was preceded immediately upstream by a hypothetical ribosome-binding site, GGAA, with relatively good complementarity to the 3Ј ends of 
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Streptomyces coelicolor, 26.9% identity with DnrI of Streptomyces peucetius, 25.9% identity with ActII-ORF4 of S. coelicolor, and 28.5% identity with AfsR (in a 253-amino-acid region out of the 993 residues of this protein). The nucleotide sequence of ORF10 had a high GϩC content (69.1%), and its codon usage was in agreement with the characteristically biased codon preference of Streptomyces (44) . Multiple alignments of the proteins encoded by redD-ORF1, dnrI, afsR, and actII-ORF4 with the ORF10 product showed a series of nine motifs (Fig. 3) corresponding to identical or functionally conserved amino acids in these proteins. This alignment supported the choice of the first in-frame GTG triplet of the nucleotide sequence shown in Fig. 2 as the translation start codon since this gives a protein with an aminoterminal region similar to those of the proteins encoded by dnrR1 of S. peucetius and actII-ORF4 of S. coelicolor.
A leucine (from a rare TTA codon) was found in the protein encoded by ORF10 that was also found in the ActII-ORF4 protein (13) (see Discussion). The protein encoded by ORF10 was shown to be involved in the control of cephamycin and clavulanic acid biosynthesis (see below) and has been named CcaR.
(ii) ORF11. The second open reading frame of this fragment contained 1,041 nt starting at a GTG at position 1403 (Fig. 2) which is preceded by ribosome-binding site sequence GGGAG. ORF11 encodes a putative 338-amino-acid protein with a deduced M r of 36,552. A comparison of this protein with the protein databases did not reveal significant homologies with other proteins.
(iii) ORF12. A third open reading frame of 546 nt started at the ATG in position 2766 and was preceded by putative ribosome-binding site sequence AAGGG. It encodes a deduced protein of 182 amino acids with a molecular mass of 20,287 Da and an isoelectric point of 8.7 (7.78 for the mature protein after removal of the leader peptide) which contains an Nterminal 28-amino-acid sequence that appears to correspond to a leader peptide.
A search analysis of the SwissProt data bank with the FASTA program revealed significant homology (29.2% identical amino acids and 27.6% additional functionally conserved residues) with the extracellular BLIP produced by the same strain (12) . The protein encoded by ORF12 was therefore named Blp for BLIP-like protein. The similarity in size between Blp and BLIP (both are small) and the conserved domains throughout both proteins suggest that the corresponding gene (blp) may have originated by a duplication of the first reported gene encoding BLIP.
Several inverted repeats (Fig. 2) were found in the upstream region of ORF10, in the intergenic regions between ORF10 and ORF11, and downstream of ORF12 (but not between ORF11 and ORF12). These inverted repeats may act as transcriptional terminators (see transcriptional studies below).
The CcaR protein is required for production of cephamycin C and clavulanic acid. In vivo disruption of the ccaR gene was of interest to establish the role of CcaR, an ActII-ORF4-like protein. Disruption of ccaR was achieved by targeted replacement of an internal fragment of this gene by the aphII gene by double recombination with the pB11B construction. This plasmid (8.35 kb) is a pIJ702 derivative containing a cassette of the 5Ј and 3Ј moieties of the ccaR gene separated by the aphII gene of transposon Tn5.
Disruption of the ccaR gene was confirmed by hybridizing total DNA of the wild type and the disrupted mutant with the following two probes: probe A, a 1.4-kb BamHI fragment that contains the aphII gene and probe B, a 0.4-kb SacI-XbaI fragment internal to ccaR. The wild type contains a ccaR-hybridizing BamHI-MluI band of 2.3 kb and did not hybridize with the aphII probe, whereas the disrupted mutant shows a single band of 3.7 kb that hybridized with both probes A and B, indicating that aphII has been inserted into the endogenous ccaR gene by double crossover, causing the disruption. The disrupted clone did not produce either cephamycin C or clavulanic acid. These results were confirmed in solid and liquid TSB and MEY (maltose [ (Fig. 4) . The disrupted mutant showed normal growth kinetics. (2), and a complemented transformant of the disrupted mutant (3) . Note the lack of production in the disrupted mutant and the higher production in the complemented clone (3).
Complementation by ccaR restores production of cephamycin C and clavulanic acid. Complementation of the disrupted mutant with the ccaR gene was performed to elucidate whether the CcaR protein was functionally active in trans when amplified on a multicopy plasmid. As shown in Fig. 4 , transformants carrying ccaR in a pULVK99 vector restored production of both cephamycin and clavulanic acid. The same results were obtained in solid and liquid cultures. Complementation resulted in higher cephamycin and clavulanic acid levels than those produced in the nondisrupted parental strain.
Amplification of the ccaR gene results in a two-to threefold increase in cephamycin and clavulanic acid. If the CcaR protein acts as an activator of cephamycin and clavulanic acid genes, its availability might be limiting for production of one or both of these metabolites. Results of amplification with the pULVK99 vector (more than 50 copies per cell for S. lividans since this plasmid contains the origin of replication of pIJ101 [17] , although the copy number might be smaller for S. clavuligerus) showed that the specific yield of cephamycin increased about twofold at 48 and 72 h of cultivation and that that of clavulanic acid increased about threefold at the same times (Fig. 5) .
ccaR does not complement an S. coelicolor actII-ORF4 mutant. To study the specificities of induction in different strains, S. coelicolor JF1, an actII-ORF4 mutant (13), was transformed with pB17B used previously to complement the ccaR-disrupted mutant. Transformants were selected on the basis of resistance to thiostrepton and were tested for actinorhodin production in solid R5 medium. None of the transformants tested showed actinorhodin formation, indicating that ccaR is unable to complement the actII-ORF4 mutation or that it is not expressed in S. coelicolor.
Transcriptional analysis of the ccaR-ORF11-blp region. Total RNA of S. clavuligerus was obtained from cultures grown in TSB medium at 28ЊC under strongly aerobic conditions (220 rpm in triple-baffled flasks) as indicated in Materials and Methods, since these conditions are favorable for antibiotic production. Hybridizations with the different probes showed that ccaR is transcribed as a monocistronic transcript of 0.9 kb during the growth phase (24 and 48 h) but not at 72 and 96 h (Fig. 6) ; thus, transcription precedes cephamycin and clavulanic acid production (maximal antibiotic accumulation occurs at 72 h for cephamycin and at 96 h for clavulanic acid).
The blp gene was efficiently transcribed as a separate monocistronic messenger of 1.2 kb also at 24 and 48 h of incubation (data not shown). Under these conditions, ORF11 was not transcribed. No hybridization signal at any time during growth was obtained by hybridization with an ApaI probe corresponding to the first half (proximal to the 5Ј end) of ORF11 (data not shown). 
DISCUSSION
Individual antibiotic biosynthetic pathways are controlled by specific regulatory proteins that are frequently encoded by genes linked to the biosynthetic gene clusters. S. coelicolor actII-ORF4 (13) and redD-ORF1 (32) and Streptomyces hygroscopicus brpA (2) were reported to be transcriptional activators of the actinorhodin, undecylprodigiosin, and bialaphos genes, respectively. In the daunorubicin cluster of S. peucetius, regulatory locus dnrR1 (40) includes two genes, dnrI and dnrJ. The product encoded by dnrI was homologous to the products of actII-ORF4, redD-ORF1, and afsR and corresponds to a transcriptional activator (27) . Transcription of dnrI in S. peucetius is, in turn, controlled by another regulatory protein of the daunorubicin cluster, DnrN (14) . The mechanism of action of the regulatory proteins encoded by actII-ORF4-like genes is not fully understood. No helix-turn-helix DNA-binding motifs are found in these proteins, which indicates that they may represent a novel family of DNA-binding regulatory proteins (5) . It is likely that they require additional proteins to activate the biosynthetic structural promoters.
The protein encoded by ccaR is another example of a regulatory protein controlling antibiotic biosynthesis. Disruption of ccaR resulted in the inability to produce cephamycin C and clavulanic acid, suggesting that the ccaR product is an activator. A similar observation was made in the patent literature by Walter et al. (42) . These authors showed that empirically derived nonproducing mutants of S. clavuligerus were complemented by a DNA fragment of about 7 kb that restored cephamycin and clavulanic acid production to the mutants. Although the mutants described were not known to be regulatory mutants, the patent claims that the 7.0-kb DNA fragment contains a regulatory gene that would correspond to the ccaR gene reported in this article. Our results support that claim.
In S. coelicolor a TTA codon has been shown to be involved in translational control of expression of actinorhodin biosynthesis genes (13) . In S. clavuligerus, the leucine encoded by the TTA codon is located in position 32 of the CcaR protein, whereas in the protein encoded by actII-ORF4 the leucine corresponds to the fifth residue from the amino-terminal end of the protein. Leucine TTA codons are recognized by a rare tRNA encoded by the bldA gene in S. coelicolor (26) . bldA mutants are unable to express TTA-containing genes. Phenotypically similar bldA mutants have also been found in Streptomyces griseus and may be widespread in actinomycetes (5) . The presence of this rare TTA codon in the ccaR gene of S. clavuligerus suggests that it is a target for translational control by the corresponding bldA-encoded tRNA. Amplification of the ccaR gene on a multicopy plasmid resulted in a marked increase in the specific yields of cephamycin and clavulanic acid, indicating that the intracellular level of the CcaR protein is limiting for expression of both ␤-lactam compounds. Similarly, overexpression of actII-ORF4 results in an increase of actinorhodin production (16) . The stimulatory effect of the CcaR protein on cephamycin and clavulanic acid biosynthesis is less dramatic than that of ActII-ORF4 on actinorhodin biosynthesis, which may suggest the presence of other bottlenecks in ␤-lactam antibiotic biosynthesis in S. clavuligerus that do not occur in actinorhodin biosynthesis.
It is interesting that the same regulatory gene controls the biosynthesis of cephamycin and clavulanic acid. Since the genes involved in the biosynthesis of these compounds are linked, forming a supercluster that extends for about 35 kb in the genome of S. clavuligerus (43) , it seems that biosynthesis of cephamycin and the ␤-lactamase inhibitor clavulanic acid is closely coordinated for survival of the producing strain. Indeed, we reported previously the isolation of mutants impaired in the biosynthesis of both cephamycin and clavulanic acid (37) .
ccaR failed to complement an actII-ORF4 mutant of S. coelicolor. It has been reported that dnrI can complement mutations in actII-ORF4 and that actII-ORF4 can stimulate daunorubicin production in S. peucetius (40) , but redD and actII-ORF4 do not show cross-complementation (5). It seems, therefore, that only very similar biosynthetic genes (e.g., those of the actinorhodin and daunorubicin clusters) may be crossregulated by activators of the actII-ORF4 family. It will be of interest to investigate if ccaR acts on ␤-lactam biosynthetic genes in other cephamycin and clavulanic acid producers.
The linkage of ccaR to blp is intriguing. BLIP has been shown to be a ␤-lactamase inhibitor that interacts with ␤-lactamases (39) . We have found recently that S. clavuligerus contains a ␤-lactamase that is sensitive to BLIP and clavulanic acid (two ␤-lactamase inhibitors produced by the same strain) (34) . The ␤-lactamase of S. clavuligerus possesses penicillin-binding activity and poor ␤-lactam hydrolytic ability, suggesting that its role may be that of a ␤-lactam-recognizing protein different from more evolved ␤-lactamases of pathogenic bacteria.
In liquid cultures both the ccaR and blp genes were expressed as monocistronic transcripts during transition from the growth phase to the production phase, but no hybridization signals were observed after 48 h of incubation; however, we cannot exclude the possibility of degradation of the mRNAs in the production phase. High-resolution transcript analysis is required to confirm the hypothesis that ccaR is transcribed only in the growth phase prior to antibiotic biosynthesis. Similarly, transcription of redD (41) and actII-ORF4 (16) occurs only during transition to the stationary phase in S. coelicolor.
